years; range 40-54 years). OCT data were available for 11 subjects and 4 different grades of ellipsoid zone (EZ) integrity were identified: (1) continuous/intact EZ (n [ 6), (2) focally disrupted EZ (n [ 2), (3) focally disrupted with RPE changes (n [ 2) , and (4) diffuse EZ disruption with RPE changes (n [ 1). All examined subjects had stable OCT findings over the long follow-up period. Full-field ERGs showed evidence of a severe cone-rod dystrophy in 5 of 6 patients and undetectable ERGs in 1 subject. Novel genotype-phenotype correlations are also reported.
CONCLUSION: GUCY2D-LCA is a severe early-onset retinal dystrophy associated with very poor VA from birth. Despite the severely affected photoreceptor function, the relatively preserved photoreceptor structure based on EZ integrity until late in the disease in the majority of subjects suggests a wide therapeutic window for gene therapy trials. L EBER CONGENITAL AMAUROSIS (LCA) REPRESENTS A leading cause of autosomal recessive blindness in children worldwide, affecting between 1 in 30,000 to 1 in 81,000 newborns annually. [1] [2] [3] Clinically, LCA is characterized by severe visual impairment at birth or within the first months of life. Affected individuals commonly exhibit nystagmus, the oculodigital sign (eye poking), and extinguished or severely abnormal electroretinography (ERG). 2, 4, 5 LCA accounts for the most severe form of inherited retinal disorders, and both clinically and genetically overlaps with early-onset severe retinal dystrophy (EOSRD), which comprises milder phenotypes. 1, 4 EOSRD presents after infancy and before the age of 5 years. Affected individuals usually have better residual visual function than in LCA and minimal ERG signals. 2, 4 LCA/EOSRD is associated with disease-causing variants in 26 genes to date. 2, 6 It has been reported that certain genes are more likely to be associated with LCA, such as GUCY2D, CEP290, NMNAT1, and AIPL1, while variants in other genes more frequently cause EOSRD, including RPE65 and RDH12. 2 The genetic variability of LCA and the rarity of the condition make detailed phenotyping in a substantial molecularly confirmed cohort of patients challenging.
GUCY2D variants commonly cause LCA/EOSRD, accounting for 10%-20% of all cases. 4 Different sequence variants in GUCY2D are common causes of autosomal dominant (AD) cone dystrophy (COD) and cone-rod dystrophy (CORD). 2, [7] [8] [9] GUCY2D encodes the photoreceptor enzyme guanylate cyclase 2D (GC-E), which synthesizes the intracellular messenger of photoreceptor excitation, cGMP, and is regulated by intracellular Ca 2þ -sensor proteins named guanylate cyclase-activating proteins (GCAPs). To date there are 144 identified variants in GUCY2D, with the majority reported to cause LCA/ EOSRD (127 variants, 88%) and only 13 reported to cause AD-COD or AD-CORD. The AD-COD/CORD variants are all located in exon 13 (around the amino acid position 838) affecting the GC-E dimerization domain. In contrast, the variants reported to cause LCA do not have a localization hot spot but are scattered along the full length of the gene. 7 The biochemical effect of many of the variants has been described both in vitro and in animal models. LCA/ EOSRD-causing variants usually show either reduced ability or complete inability to synthesize the intracellular messenger cGMP. [10] [11] [12] Moreover, some LCA/EOSRDcausing variants result in misfolding and consequent degradation of the protein in the endoplasmic reticulum. 12 In contrast, COD/CORD-causing variants are functional but cause a shift in Ca 2þ sensitivity. 7 Despite the rather wellcharacterized genetic background of GUCY2D-LCA/ EOSRD, the number of detailed phenotyping studies is limited.
Previous phenotyping studies identified evidence of preserved photoreceptor structure, in contrast to the severely affected functional findings of GUCY2D-LCA/ EOSRD. [13] [14] [15] Reduced visual acuity is a life-long source of morbidity for patients with LCA/EOSRD, with visual impairment having been significantly associated with increased risk of mortality. 16 Gene-based approaches to therapy are used increasingly in clinical trials, with the first Food and Drug Administration-approved gene therapy for RPE65-LCA now available. Gene replacement therapy for GUCY2D-LCA/EOSRD has been investigated in animal studies, with considerable reported therapeutic success, using a range of vectors including recombinant adenoassociated virus serotype 2/8 (AAV2/8), adeno-associated virus serotype 5 (AAV5), and HIV1-based lentiviral vector. 2, 17, 18 Aguirre and associates report an intact postgeniculate white matter pathway in subjects with GUCY2D-LCA/EOSRD, which provides further encouragement for the prospect of recovery of visual function with gene augmentation therapy. 19 Jacobson and associates investigated potential outcome measures such as chromatic fullfield sensitivity testing and optical coherence tomography (OCT), used to assess photoreceptor function and struc-ture, respectively, concluding that any change in the dissociation between structure and function after intervention may serve as evidence of efficacy. 14 Despite the planned and upcoming trials of novel therapies, a lack of longitudinal data, particularly for OCT and fundus autofluorescence (FAF) imaging, is apparent in the literature. 8, [20] [21] [22] [23] [24] [25] Herein, we present a retrospective natural history study in a large cohort of adults and children with variants in GUCY2D, which provides a detailed description of the genotypic and phenotypic features, with a long duration of follow-up. This information is of particular importance for improving genetic counseling and advice on prognosis, and provides a crucial step toward the design of a therapeutic clinical trial in GUCY2D-LCA/EOSRD, as well as identifying a cohort of molecularly confirmed patients who may participate in such future trials.
METHODS

THIS RETROSPECTIVE STUDY PROTOCOL ADHERED TO THE
tenets of the Declaration of Helsinki and received approval from the Moorfields Eye Hospital ethics committee. Informed consent was obtained from all adult subjects, whereas informed consent and assent were obtained from parents and children, respectively.
PATIENT IDENTIFICATION: Patients were identified from the genetic retina clinics at a single tertiary referral center (Moorfields Eye Hospital, London, UK). In total, 22 patients with likely disease-causing variants in GUCY2D were ascertained for detailed phenotyping.
MOLECULAR DIAGNOSIS: Genomic DNA was isolated from peripheral blood lymphocytes (Gentra Puregene Blood Extraction Kit; Qiagen, Venlo, Netherlands). A combination of Sanger sequencing and next-generation sequencing, including a panel of retinal dystrophy genes, whole exome sequencing (WES), and whole genome sequencing, was used to identify variants in GUCY2D. All patients with 1 allele identified from WES were subjected to Sanger sequencing of the first coding exon of the gene to check for a second allele, owing to the lack of coverage of the GUCY2D first coding exon by WES. Mutation nomenclature was assigned in accordance with GenBank accession number NM_000180.
Minor allele frequency for the identified variants in the general population was assessed in the Genome Aggregation Database (gnomAD) datasets (http://gnomad. broadinstitute.org/; accessed on December 12, 2018) (Supplementary Table 1 Table 1 ). Variants likely to affect function were assessed for segregation in available family members.
CLINICAL ASSESSMENT: All available clinical notes were reviewed. Visual acuity (VA), refraction, funduscopy, and slit-lamp biomicroscopy findings were extracted. All patients were seen by medical retina specialists in the genetics/medical retina clinic. Age of onset is defined as the age at which the family first noticed any symptoms and sought medical care. Age seen is the age at which the patient was first seen at our referral center.
Best-corrected logMAR visual acuity (BCVA) was assessed, monocularly, with an Early Treatment Diabetic Retinopathy Study chart. Patients were read standardized instructions. Precision Vision lightboxes were used (Precision Vision, Woodstock, Illinois, USA) and were illuminated with 2 cool daylight 20 watt fluorescent tubes, with the overhead lights turned off, so that no more than 161.4 lux should fall at the center of the chart. LogMAR values were calculated from the number of letters read, where the higher the logMAR value, the worse the BCVA. Subjective and objective refraction was undertaken by a specialist optometrist for both adults and children.
ELECTROPHYSIOLOGICAL ASSESSMENT: Full-field ERG and pattern electroretinography were performed using gold foil corneal electrodes and incorporated the International Society for Clinical Electrophysiology of Vision (ISCEV) standards, 26, 27 except in infants and young children, who underwent ERG testing with skin electrodes without mydriasis using modified protocols. 28 RETINAL IMAGING: Color fundus imaging was obtained by conventional 35-degree fundus imaging (Topcon Great Britain Ltd, Berkshire, UK) or ultra-widefield (200-degree) confocal scanning laser imaging (Optos plc, Dunfermline, UK). FAF imaging was performed using 30-degree or 55degree Spectralis (Heidelberg Engineering Ltd, Heidelberg, Germany), or Optos (Optos plc) imaging. Spectral-domain OCT scans (Spectralis; Heidelberg Engineering Ltd) were used to assess cross-sectional and longitudinal structural changes.
RESULTS
DEMOGRAPHICS:
The cohort included 21 patients (female n ¼ 11) from 19 families, with an age range at first ex-amination in our hospital of 0-54 years. The length of follow-up ranged from 1 to 56 years (mean 6 standard deviation [SD], 10 6 11.96 years). Table 1 and Figure 1 summarize the molecular findings in our cohort. Two pedigrees contributed more than 1 patient (Patients P2A and P2B are siblings, as well as P8A and P8B), with the remaining 17 patients being simplex cases. All patients had 2 likely disease-causing variants in GUCY2D. Fourteen patients were compound heterozygotes and 7 patients harbored homozygous variants. The variant minor allele frequencies in the general population (gnomAD database) are reported in Supplementary Table 1 . The predicted effect of the variants identified in our cohort is summarized in Table 2 . Out of a total of 29 rare variants identified, 14 have not been previously reported in retinal dystrophies. The variants identified in our cohort were scattered throughout the full length of the gene, from exon 2 to exon 17. The majority of the variants (n ¼ 15) are missense, in agreement with previous studies. 7 Nine small insertions or deletions that cause a frameshift or in-frame deletion and a small number of splice site (n ¼ 3) and premature stop codon (n ¼ 2) variants were identified.
MOLECULAR GENETICS:
All the missense variants were predicted to be ''probably damaging'' or ''possibly damaging'' by PolyPhen2 and ''damaging'' by SIFT (Supplementary Table 1 ). The 3 variants at donor or acceptor splice sites were predicted to alter splicing by Human Splice Finder (Supplementary Table 1 ). The most common variant in our cohort was p.(Glu103Lys), present in 5 patients from 4 different families in the compound heterozygous state.
SYMPTOMS AND CLINICAL EXAMINATION FINDINGS:
All patients developed nystagmus and marked reduction of VA within the first 3 years of life, with 15 patients (71%) having documented nystagmus in the first 3 months of life. The primary working hypothesis for all patients was LCA/EOSRD. In 12 patients (57%) photophobia was a prominent symptom, and 8 patients (38%) experienced nyctalopia. Other recorded symptoms included glare in daylight and reduced color vision (n ¼ 5); Patients P3 and P16 failed all Ishihara color test plates, P4 scored 7 of 17 plates, and P2A and P2B reported that they had never been able to appreciate colors.
Other presentations were also documented including lack of eye contact or attention to faces or large toys, as well as significant eye poking. Keratoconus (KC) was observed in 4 patients (19%; P6, P10, P13, and P19, age range of KC presentation 8-40 years, mean 6 SD 27.6 6 13.67 years), with P13 having a right corneal graft (secondary to KC). Three patients developed cataract in childhood (P6, P8B, and P10).
VISUAL ACUITY: BCVA at first clinic review ranged from 0.4 logMAR to no perception of light, with an age All patients reported a subjective stability over time. However, Patient P3 noted some deterioration in central vision, recorded as changing from 0.78 logMAR in each eye at initial presentation at the age of 4 years to 1.0 logMAR and 1.3 logMAR for the right and left eye, 
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63 GUCY2D-LCA/EOSRD NATURAL HISTORY respectively, at the age of 47 years. Patient P4, who presented with the best VA, maintained a stable VA of 0.48 logMAR and 0.6 logMAR for right and left eyes, respectively, until her latest follow-up at age 23 years. REFRACTION: Seventeen patients had refraction data available, with 12 (57%) being hyperopic, of whom 50% have a refractive error of greater than þ6.5 diopters (D). Myopia was observed only in 3 patients (14%), with P18 being highly myopic (OD: -7.00 D, OS: -8.00 D), and 2 patients did not have a significant refractive error. Refractive error is summarized in Table 3 and presented in more detail in Supplementary Table 2 .
FUNDUS FINDINGS: On fundus examination, 67% of patients had either normal (n ¼ 11, Figure 2A Figure 2B ], P3; 14%) had mild yellow macular atrophy, as well as fine peripheral pigmentary changes, examined at age 53, 54, and 43 years, respectively.
Longitudinal data were available for 17 patients (81%) with documented slit-lamp examination findings and/or color fundus imaging. Among those presenting with a normal fundus examination (n ¼ 9), apart from 1 patient (P14), fundus findings remained unchanged until the latest visit, over a follow-up period ranging between 5 and 15 years. Patient P14 developed pale optic discs, attenuated vessels, and fine pigmentary changes in the periphery, with prominent choroidal vasculature at the age of 14 years. Patient P13 had extensive peripheral retinal pigment epithelium (RPE) atrophy and pigment hypertrophy, with large (2-5 disc diameter) lacunae of chorioretinal atrophy in the far periphery in both eyes at 60 years of age. A previous normal fundus examination was documented at the age of 30 years ( Figure 2C ).
ELECTROPHYSIOLOGICAL ASSESSMENT: ISCEV-standard electrophysiological data were available for 6 subjects. The results of full-field ERG testing are summarized in Figure 3A Recordings are shown from 1 eye with traces superimposed to demonstrate reproducibility. Note the higher scaling factor used to illustrate low-amplitude DA ERGs compared with the control. Broken lines replace blink artefacts that occur after the ERG b-waves. Pattern ERGs were not recordable owing to the effects of marked nystagmus in all patients. GUCY2D-LCA/EOSRD NATURAL HISTORY waves were reduced by approximately 80%-95% in those with a detectable response; b-waves were severely reduced and of abnormally short peak time (24-37 ms) in all 5 cases (P1, P2A, P2B, P3, and P4). Light-adapted (LA) ERGs were undetectable in all but 1 case, with a residual LA 30 Hz flicker ERG in 1 eye (P4). Pattern ERGs were not recordable owing to the effects of marked nystagmus in all. The ERGs were stable in the 2 patients that were monitored over 17 years (P3; first tested age 44 years) and 6 years (P4; first tested age 14 years).
In the 4 infants (aged 5-14 months) and 3 children (aged 6-9 years; P5, P16, and P18) tested with skin electrodes, the flash ERGs were undetectable under DA and LA conditions (P15, P16, P18) or showed only residual responses (P5, P8B, P9, P14), with only DA ERGs being detectable in 2 (P9, P14).
OPTICAL COHERENCE TOMOGRAPHY FINDINGS: OCT imaging was available for 11 patients. Age at baseline ranged from 7.3 to 76.3 years (mean 6 SD, 34.1 6 22.7 years). OCT findings at baseline were grouped into 4 different grades based on ellipsoid zone (EZ) integrity and RPE changes: (1) continuous/intact EZ (n ¼ 6), (2) focally disrupted EZ (n ¼ 2), (3) focally disrupted EZ with RPE changes (n ¼ 2), and (4) severely disrupted EZ with RPE changes (n ¼ 1). In Figure 4 all 4 grades are represented, at different ages and visual acuities. In Table 4 the OCT data for all patients are summarized. The EZ was present in all patients with available imaging. Longitudinal OCT data were available for 9 patients over a follow-up period between 2.0 and 13.3 years (mean, 5.2 years), without any evidence of progression over time.
OCT was not available for the remaining 10 patients (age range, 1-27 years), either owing to severe nystagmus or KC or because of young age at last follow-up visit (4 patients younger than 10 years of age). Those with no OCT images had VA of hand movements or worse and normal or blond fundus appearance (n ¼ 8), with no fundus view owing to severe KC in 2 patients (both aged 17 at first examination). Those subjects with OCT available (n ¼ 11) had a similar age range (7.3-76.3) and VA range (0.48 to light perception).
FUNDUS AUTOFLUORESCENCE IMAGING: FAF images were available for 11 (52%) patients (same patients as had OCT). Patients with an intact EZ had either (1) normal FAF appearance (n ¼ 1, P1 between 42 and 54 years of age, Figure 4A ), (2) central foveal hyperautofluorescence (n ¼ 2; P14 between 7 and 14 years of age; P19 at age 18 years, Figure 2A ), or (3) a perimacular ring of increased AF (n ¼ 2; P5 between 8 and 12 years of age; P8A at age 25) . No abnormal mid-peripheral or peripheral changes were identified in these patients throughout the follow-up period of up to 12 years. Two patients (P2A, Figure 2B , and P2B, Figure 4C ) had normal FAF images apart from central small areas of hypoautofluorescence in their 50s and 60s; on OCT they had focally disrupted EZ at the macula with RPE changes ( Figure 4C ). Patient P3, who had more severely disrupted EZ on OCT, showed central and mid-peripheral hypoautofluorescence on FAF imaging ( Figure 4D ). Those with focally disrupted EZ with RPE changes (P4, Figure 4B , and P13, Figure 2C ) had central early hypoautofluorescence with small central foci of hyperautofluorescence, with the latter also having mid to far peripheral generalized hypoautofluorescence with granular hyperautofluorescence and discrete scattered large patches of hypoautofluorescence. FAF imaging was not available in the remaining patients for the same aforementioned reasons as per OCT imaging, with photoaversion being an additional reason challenging image acquisition.
DISCUSSION
WE DESCRIBE THE PHENOTYPE AND NATURAL HISTORY OF A
large cohort of patients of a wide range of ages with GUCY2D-LCA/EOSRD ascertained at a single UK referral center. The clinical presentation in our cohort is in keeping with previous reports, with early-onset disease, severe visual impairment, and a structure-function dissociation. 15, [20] [21] [22] [23] [24] [25] [29] [30] [31] [32] All patients presented with nystagmus and profound visual loss within the first 3 years of life. Long-term follow-up showed stability of VA over time. Keratoconus and early-onset cataract contributed to further loss of VA in a minority of subjects.
Recently Stunkel and associates expanded the retinal disease spectrum associated with autosomal recessive mutations in GUCY2D, reporting 5 patients with ''congenital night blindness'' and evidence of progression to mild retinitis pigmentosa. 33 We did not identify any similar patients in our cohort with autosomal recessive GUCY2D. However, 2 patients (P4 and P5) had marked rod-related symptoms, without macular changes and with some residual cone ERG activity, with stability over 7 years of followup in P4. BCVA was better than the rest of the cohort (however, it was significantly worse than the VA in the aforementioned subjects with ''congenital night blindness'') and was maintained over the follow-up period. A ring of hyperautofluorescence in the outer macula was observed in 1 of the 2 patients, a common finding in retinitis pigmentosa. [34] [35] [36] For the first 3 patients (P1, P2A, and P2B) during their early clinic visits the differential diagnosis included achromatopsia, since their residual visual function was better than might be expected for LCA. If we group the first 6 subjects (P1-P6), who arguably have better-preserved VA, together and compare them to the rest of the cohort, we can explore this further. As presented in Table 1 and in Figure 1A , all 6 subjects had 1 disease-causing missense variant in exon 2 encoding the extracellular domain, and it appears that variants in the extracellular domain do not alter the biochemical activity of GC-E. [10] [11] [12] Patients harboring variants in exon 2 seem to have a milder phenotype, characterized by better visual acuity, which is preserved over time. However, these patients still had severe generalized impairment of retinal function on ERG testing.
International standard full-field ERGs showed evidence of a severe cone-rod dystrophy in 5 of 6 patients and undetectable ERGs in 1 other, in keeping with a severe photoreceptor dystrophy. Detectable but subnormal DA 10 ERG b-waves were of unusually short peak time; the absence of detectable LA ERGs in 9 of 10 eyes and presence of DA ERGs to a dim flash (below cone system threshold) in subject P3 suggests a rod-mediated origin, although the mechanism is uncertain. The ERGs in younger children and infants were consistent with severe cone-rod or severe photoreceptor dystrophy. The similarity of ERG phenotypes across a wide range of ages and the lack of ERG deterioration in serial recordings from 2 subjects suggests severe early-onset disease but with relative stability or slow progression with age. Similar stability was also observed with FAF and OCT imaging, and in addition in the retinal appearance on funduscopy. The imaging findings were not correlated with visual function; namely, despite having profoundly reduced VA and severely abnormal full-field ERGs, the EZ was present in the majority of patients.
These OCT findings differ from those found in the majority of other forms of LCA, where patients have extensive photoreceptor cell loss. 13 OCT in GUCY2D-LCA/EOSRD has only been reported in a few studies and these were consistent with our findings. 14, 15, 20 A retrospective study included 3 patients aged between 20 and 53 years, with unremarkable retinal lamination, described as less well-defined than normal. 13 OCT imaging in another cohort of 11 patients, ranging in age from 6 months to 37 years, showed that all patients had intact rod photoreceptors but abnor-malities in foveal cones. 15 A recent study (n ¼ 28 subjects, aged 2-59 years) reported a dissociation between structure and function, as revealed by retinal layer abnormalities on OCT and full-field sensitivity testing. 14 In the same study, Jacobson and associates identified outer nuclear layer thinning over the fovea and decreased intensity of the EZ reflectivity. 14 Further evaluation of retinal structure with adaptive optics ophthalmoscopy may be of value, 37 in order to further elucidate the photoreceptor structure in these patients at a cellular level; however, this will likely be challenging in many patients owing to poor fixation/nystagmus, keratoconus, and early-onset cataract.
The aforementioned disconnect between structure and function raises the potential for functional rescue and possible amenability to gene-based therapy. A successful therapeutic approach has been examined in the GUCY1*B chicken model. 38 In this study, a lentivirus vector delivering bovine GUCY2D was injected into chicken embryos. Six of the 7 treated embryos exhibited improvement in VA and ERG responses. Moreover, the retinal degeneration was slower in comparison to the untreated chickens. However, they reported that disease development was not preventable despite delivering gene replacement at an early stage. 7, 38 In another study, 3-week-old knockout mice were injected with subretinal AAV-GUCY2D (bovine). Although successful restoration of cone arrestin translocation was achieved 5 weeks after the injection, there was no restoration of cone ERG responses. 7, 17 However, a study delivering subretinal AAV5 containing human GUCY2D to the knockout mouse model showed not only an efficient transgene expression in rod and cone photoreceptors, but also successful restoration of cone function, as well as the activity of the GC enzyme. Moreover, this restoration of retinal function persisted for at least 6 months. Similar results up to 6 months post injection were observed in treated Gucy2e -/mice with rAAV2/8 vector: dose-dependent restoration of rod and cone function and an improvement in visual behavior. 18 These promising studies have raised the likelihood of gene-replacement trials for patients with GUCY2D-LCA/EOSRD. 7, 18, 39 Determining the outcome measures, characterization of large cohorts of potential participants, and defining disease natural history are fundamental steps toward the optimal design of these gene therapy trials.
Our study has provided valuable information about the clinical phenotype and natural history of GUCY2D-LCA/EOSRD, established a well-characterized cohort of molecularly confirmed potential trial participants, and reported potential genotype-phenotype correlations. It has, in addition, highlighted the relative structural and functional stability over a broad age range, thereby indicating a wide therapeutic window to be exploited by planned and anticipated interventional trials.
